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.2013.04.0Abstract With the increase of atmospheric carbon dioxide, there is a growing public and scientiﬁc con-
cern over the carbon sequestration potential of various ecosystems, especially wetlands. Many scientists
have suggested that the sequestration of carbon dioxide in soil organic carbon could contribute signif-
icantly to adhere with the Kyoto Protocol in stabilizing the atmospheric abundance of carbon dioxide
and other greenhouse gases to mitigate the risks of global warming. The objectives of the present study
are: to assess the distribution of soil organic carbon in vegetated and unvegetated sites in a Mediterra-
nean lagoon (i.e. Lake Burullus) in Egypt; to give an accurate estimation of soil organic carbon stock in
this lake in order to meet the requirements of the Kyoto Protocol; and to provide estimates of its carbon
sequestration potential. In the present study, soil organic carbon content decreased from 22.0 g C kg1
at the depth of 0–10 cm reaching a minimum of 10.2 g C kg1 at the depth of 20–30 cm. Soil organic
carbon content was signiﬁcantly higher in the vegetated sites than in the unvegetated sites especially in
the surface horizon. The soil organic carbon stock ranged between 760.6 Gg C in the vegetated sites and
2420.2 Gg C in the unvegetated sites, with total soil organic carbon storage of 3180.8 Gg C. The average
carbon sequestration rate of the vegetated sites was higher than the unvegetated sites (14.9 and
8.6 g C m2 year1). Based on the area and carbon sequestration rate, the total carbon sequestration
potential of Lake Burullus was 4.04 Gg C year1. The present study concluded that, Lake Burullus
could be instrumental in formulating efﬁcient strategies related to carbon sequestration and reduction
of greenhouse gas emissions in Mediterranean wetlands.
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02Introduction
The concentration of carbon dioxide (CO2) has increased by
31%, from 280 ppmv in 1850 to 380 ppmv in 2005, and is
now increasing at 1.7 ppmv year1 (IPCC, 2007). With CO2
increase, there is a growing public and scientiﬁc concern about
the carbon sequestration potential (CSP) of various terrestrial
ecosystems especially wetlands (Xiaonan et al., 2008). Manyational Institute of Oceanography and Fisheries.
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CO2 into soil organic carbon (SOC) could contribute signiﬁ-
cantly to adhere with the Kyoto Protocol to reduce emissions
of greenhouse gases (Schlesinger, 1999; Akselsson et al., 2005)
in stabilizing the atmospheric abundance of CO2 and other
greenhouse gases to mitigate the risks of global warming
(Kluger, 2007; Walsh, 2007). According to Schrag (2007), there
are three strategies of lowering CO2 emissions: (i) reducing the
global energy use, (ii) developing low or no-carbon fuel, and
(iii) sequestering CO2 from point sources or atmosphere
through natural and engineering techniques. Pacala and
Socolow (2004) outlined 15 options of stabilizing the
atmospheric concentration of CO2 by 2050 at approximately
550 ppm; three of these 15 options were based on carbon
sequestration in terrestrial ecosystems.
Accurate information of the terrestrial component of the
global carbon cycle has become a policy domineering, both
for individual countries and internationally. The strategies
and scientiﬁc research concerned with carbon depend on accu-
rate and objective information about the state of, and changes
in, various components of the terrestrial carbon cycle. Speciﬁ-
cally, accurate estimation of SOC stocks is necessary in order
to meet the requirements of the Kyoto Protocol (United
Nations, 1998), which committed all parties to determine its
level of SOC stocks in 1990, and to enable an estimate to be
made of changes in SOC stocks in subsequent years (Krogh
et al., 2003). For a regional scale, accurate SOC estimates are
essential for the better understanding of the signiﬁcance of
the soil reservoir (Meersmans et al., 2008) and for the determi-
nation of the capacity of ecosystems to regulate andmitigate the
atmospheric CO2 concentration (Mestdagh et al., 2004). Hence,
it is in the interest of a country to have SOC stocks that are as
accurate as possible so that changes in these stocks can be mea-
sured, evaluated and reported. SOC, estimated at 1550 Pg C
(Pg = 1012 kg), represents approximately 75% of the terrestrial
carbon pool on a global scale. SOC is the third largest of the six
main carbon reservoirs, the others being oceans (38,400 Pg),
rocks (4130 Pg), soil inorganic carbon (950 Pg), atmosphere
(760 Pg) and biotic (560 Pg) (IPCC, 2001; Lal, 2004, 2008).
Wetlands represent a signiﬁcant sink for carbon and are key
ecosystems to consider when managing and weighing earth’s
carbon stock (Bernal and Mitsch, 2008). The SOC stock
(1 m depth) is estimated to be 1550 Pg (Lal, 2008) and wet-
lands are responsible for storing 450 Pg, one-third of this
stock. However, wetlands occupy roughly 6–8% of the land
and the freshwater surface (Mitsch and Gosselink, 2007).
Hence, wetlands represent one of the largest biological carbon
stocks and play a decisive role in the global carbon cycle
(Chmura et al., 2003; Mitra et al., 2005). In warm regions, wet-
lands have high productivity (i.e. carbon ﬁxation, Eid et al.,
2010a) but they are also associated with rapid decomposition
rates of dead plant materials (Murphy et al., 1998; Lessmann
et al., 2001; Eid et al., 2012b). Thus, it is unclear whether the
wetlands in warm regions (e.g. south Mediterranean) are a
net source or net sink for the terrestrial carbon cycle (Eid
et al., 2010b).
Lake Burullus is located at the central part of the northern
shoreline of Nile Delta (Long. 3122031350N, Lat.
3031031080E). This lake is separated from the Mediterra-
nean Sea by a long curved longitudinal sand bar that broadens
toward the west. Lake Burullus is one of the Ramsar sites and
was declared as a natural protectorate in 1998. It is an alkaline,shallow, brackish, and moderately polluted lake (Eid, 2012).
This lake covers an area of about 410 km2, with a maximum
length of about 47 km and an average width of 14 km. It had
lost about 62.5% of its area during two centuries (from
1092.0 km2 in 1801 to 556.5 km2 in 1913 and 410.0 km2 in
1997; Shaltout and Khalil, 2005). The depth of this lagoon var-
ies between 20 cm close to the shore of the eastern basin and
200 cm in the middle basin and near the sea outlet. The lake in-
cludes some 30 islets, those near the lake-sea connection are of
sandy nature, while those far from the inlet have clayey bottom.
Some of the small islets are covered with water during high
water periods. Heavy growth of reed plants (e.g. Phragmites
australis (Cav.) Trin. ex Steud., 5.4 kg DW m2; Eid et al.,
2010b; Eid, 2010) may lead to the merger of adjacent islets.
The main human activity in Lake Burullus is ﬁsh production,
with ﬁsh yield of 52,000 ton year1 (Khalil and El-Dawy,
2002). It is one of the major disposal areas (Al Sayes et al.,
2007) that receives most of the drainage water of the agricul-
tural lands in Nile Delta which feeds the lake with about 4 bil-
lion m3 year1 (El-Shinnawy, 2002). The total number of the
recorded vascular plant species in Lake Burullus was 274: 137
annuals and 137 perennials (Shaltout and Eid, 2011). The main
vegetation type is the reed swamps which include P. australis as
the overwhelmingly dominant species and Potamogeton pectin-
atus L. and Typha domingensis (Pers.) Poir. ex Steud. as com-
mon associates (Shaltout and Al-Sodany, 2008).
The objectives of present study are: (1) to assess the distri-
bution of SOC in vegetated and unvegetated sites in a Mediter-
ranean lagoon (i.e. Lake Burullus) in Egypt; (2) to give
accurate estimation of SOC stock in this lake in order to meet
the requirements of the Kyoto Protocol; and (3) to provide
estimates of its CSP.
Methods
Soil sampling
Sampling was carried out in six stations (Fig. 1) to represent the
lake during July 2011. The sampling area was classiﬁed into veg-
etated and unvegetated sites and their area was obtained from
Shaltout and Khalil (2005). Our null hypothesis is that the veg-
etated and unvegetated sites have the same soil bulk density,
SOC content and density as well as the same carbon sequestra-
tion rate (CSR). In each of the sampling station, ﬁve soil cores
were taken to represent the vegetated and ﬁve to represent the
unvegetated sites. The soil samples were collected with a 7 cm
diameter hand sediment corer, which provides a core without
compaction, distortion and disturbance (Grossman and
Reinsch, 2002; Tan, 2005). The corer was carefully inserted into
the soil and pushed down to 40 cm depth. The soil core was re-
moved from the corer slowly, and it was immediately sectioned
with a blade into samples each of 10 cm thickness (0–10, 10–20,
20–30 and 30–40 cm) and packed in plastic containers. The sam-
ple containers were sealed with paraﬁlm and stored on ice to
avoid volatilization losses and to minimize microbial activity
until analysis (Bernal and Mitsch, 2008).
Sample analysis
Each soil sample was oven-dried at 105 C for 3 days, cooled
down to room temperature in a desiccator, and weighed to
Figure 1 Map of Lake Burullus (Egypt) indicating the locations of the six sampling stations (\).
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2005):
qsj ¼
mj
vj
ð1Þ
where qsj is soil bulk density (g cm
3) of the jth horizon, mj is
mass of soil sample (g) of the jth horizon dried at 105 C and vj
is volume of soil sample (cm3) of the jth horizon. Dry samples
were ground and passed through a sieve to achieve 2 mm par-
ticle size. Each sample was analyzed for SOC content using the
loss-on-ignition method at 550 C for 2 h (Wilke, 2005). SOC
density (kg C m3) was estimated as follows (Han et al., 2010):
SOCdj ¼ qsj  SOCj ð2Þ
where SOCdj is SOC density (kg C m
3) of jth horizon, qsj is
soil bulk density (g cm3) of the jth horizon, and SOCj is
SOC content (g C kg1) of the jth horizon.
SOC mass per unit surface area (kg C m2) of a proﬁle was
calculated as follows (Meersmans et al., 2008):
SOCm ¼
Pk
j¼1SOCdj  TjPk
j¼1Tj
Dr ð3Þ
where SOCm is SOC mass per unit surface area (kg C m
2), Dr
is reference depth (=0.4 m), Tj is thickness (m) of the jth hori-
zon and k is the number of horizons (=4).
Based on SOC mass per unit surface area, SOC stock in
40 cm depth was easily calculated applying Eq. (4). The total
SOC stock (Gg C = 106 kg C) in Lake Burullus was calculated
by multiplying the area (m2) of each class (vegetated/unvege-
tated) by the SOC mass per unit surface area (kg C m2) forthat class and then summing SOC stock obtained for both clas-
ses (Meersmans et al., 2008):
SOCt ¼
Xn
i¼1
SOCmi  Ai ð4Þ
where SOCt is the total SOC stock (Gg C) in the study area,
SOCmi is SOC mass per unit surface area (kg C m
2) in the
ith class, Ai is area (m
2) of the ith class and n is the number
of classes (=2).
CSR (g C m2 year1) was estimated based on sedimenta-
tion rate, soil bulk density and SOC content (Xiaonan et al.,
2008):
CSRi ¼ qsi  SOCi  R ð5Þ
where CSRi is CSR (g C m
2 year1) of the ith class, qsi is the
mean soil bulk density (g cm3) of the ith class, SOCi is mean
SOC content (%) of the ith class and R is the sedimentation
rate in the lake (4.7 mm year1; Shaltout and Khalil, 2005).
CSP (Gg C year1) was calculated as follows (Xiaonan
et al., 2008):
CSPi ¼ CSRi  Ai ð6Þ
where CSPi is CSP (Gg C year
1) of the ith class and Ai is area
(m2) of the ith class.
Statistical analysis
Analysis of variance (two-way ANOVAs) was used to identify
statistically signiﬁcant differences in SOC contents, soil bulk
density and SOC density among the vegetated and unvegetated
34 E.M. Eid, K.H. Shaltoutsites and four soil depths. Signiﬁcant differences between
means among the four soil depths were identiﬁed using the
least signiﬁcant difference (LSD) test at P< 0.05. The rela-
tionship between SOC content and soil bulk density was exam-
ined with non-linear regression. All statistical analyses were
performed using SPSS 15.0 software SPSS (2006).
Results
The soil bulk density of the unvegetated sites was higher than
that of the vegetated sites and our null hypothesis was not sup-
ported (Fig. 2). The total mean distribution of soil bulk density
increased signiﬁcantly from 1.45 g cm3 at the depth of 0–10 cm
up to 2.03 g cm3 at the depth of 20–30 cm, and then decreased
to 1.63 g cm3 at the depth of 30–40 cm (Table 1). SOC content
decreased from 22.0 g C kg1 at the depth of 0–10 cm reaching
a minimum of 10.2 g C kg1 at the depth of 20–30 cm. Our null
hypothesis was not supported again because SOC content was
statistically higher (P< 0.05) in the vegetated sites than in
the unvegetated sites especially in the surface horizon (Fig. 3).
As far as we know, no data existed about the relationship be-
tween soil bulk density (g cm3) and SOC content (g C kg1)
for soils of Lake Burullus. Thus, we calculated this relationship
using non-linear regression equation.Soil bulk d
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Figure 2 Mean distribution of soil bulk density (g cm3) with soil
Horizontal bars indicate the standard errors of the means (N= 3
unvegetated; depth: 0–10, 10–20, 20–30, 30–40 cm. **P< 0.01, ***P<
Table 1 Total distributions (mean ± standard error) of soil bulk de
SOC density (kg C m3) with soil depth in Lake Burullus. Means in
different at P< 0.05.
Soil depth (cm) Soil bulk density (g cm3)
0–10 1.45 ± 0.06a
10–20 1.83 ± 0.05b
20–30 2.03 ± 0.05c
30–40 1.63 ± 0.09abSoilbulkdensity ¼ 1:9168 0:0101 SOC1:0636;
R2 ¼ 0:31ðP < 0:001Þ:
SOC density was insigniﬁcantly decreased from
23.9 kg C m3 at 0–10 cm reaching a minimum of
18.0 kg C m3 at 30–40 cm (Table 1). On the other hand, our
null hypothesis was not supported because SOC density had
a signiﬁcant variation between the vegetated and unvegetated
sites (Fig. 4). The SOC mass per unit surface area ranged be-
tween 7.4 kg C m2 in the unvegetated sites and 9.3 kg C m2
in the vegetated sites. The SOC stock ranged between
760.6 Gg C in the vegetated sites and 2420.2 Gg C in the
unvegetated sites, with a total SOC storage of 3180.8 Gg C
(Table 2). In the present study, our null hypothesis was not
supported again because the average CSR of the vegetated
sites was higher than that of the unvegetated sites (14.9 and
8.6 g C m2 year1). Based on the area and CSR, the total
CSP of Lake Burullus was 4.04 Gg C year1 (Table 2).
Discussion
Our capacity to predict and ameliorate the consequences of
climate and land cover changes depends, in part, on a clear
description of SOC distribution and the controls of SOCensity (g cm-3)
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 Depth= 2.2ns
depth (cm) in vegetated and unvegetated sites of Lake Burullus.
0). F-values represent the two-way ANOVAs. Site: vegetated/
0.001, ns: not signiﬁcant (i.e. P> 0.05).
nsity (g cm3), soil organic carbon (SOC) content (g C kg1) and
the same columns followed by different letters are signiﬁcantly
SOC content (g C kg1) SOC density (kg C m3)
22.0 ± 3.9a 23.9 ± 2.2a
10.7 ± 1.0b 19.2 ± 1.6bc
10.2 ± 0.7b 20.8 ± 1.5ac
11.2 ± 0.8b 18.0 ± 1.2ac
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Figure 3 Mean distribution of soil organic carbon content (g C kg1) with soil depth (cm) in vegetated and unvegetated sites of Lake
Burullus. Horizontal bars indicate the standard errors of the means (N= 30). F-values represent the two-way ANOVAs. Site: vegetated/
unvegetated; depth: 0–10, 10–20, 20–30, 30–40 cm. **P< 0.01, ***P< 0.001.
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Figure 4 Mean distribution of soil organic carbon density (kg C m3) with soil depth (cm) in vegetated and unvegetated sites of Lake
Burullus. Horizontal bars indicate the standard errors of the means (N= 30). F-values represent the two-way ANOVAs. Site: vegetated/
unvegetated; depth: 0–10, 10–20, 20–30, 30–40 cm. *P< 0.05, **P< 0.01, ns: not signiﬁcant (i.e. P> 0.05).
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the study of the distribution of SOC content is important for
the studying of the global carbon cycle and the greenhouse ef-
fect (Lal, 1999, 2004; Pan et al., 2002). Also, the potential of
soil to sequester the carbon can be assessed by the estimation
of SOC stock (Zhang et al., 2004).
The soil bulk density plays an important role in the assess-
ment of SOC contents (Howard et al., 1995). In the present
study, the soil bulk density of surface layer was lower than
the other horizons. This could be due to the dense accumula-
tion of litter at the surface of benthic layer. The present study
indicated that the soil bulk density of the vegetated sites was
lower than that of the unvegetated sites, this could be attrib-
uted to the dense growth of aquatic macrophytes’ roots (e.g.P. australis, P. pectinatus and T. domingensis) which can evi-
dently reduce the soil bulk density (Han et al., 2010). Similar
conclusion was made by Chen (2000) in Cunninghamia lanceo-
lata plantation and Han et al. (2010) in a catchment of Loess
Plateau in China.
Soil contains more organic carbon than the atmosphere and
plants together (Schlesinger, 1997). The abundance of organic
carbon in the soil affects and is affected by plant production
(Jobbagy and Jackson, 2000). In the present study, the vege-
tated sites had high SOC content compared with their adjacent
unvegetated sites due to the high organic matter inputs from
the aquatic macrophytes (e.g. P. australis, P. pectinatus and
T. domingensis). The source of SOC in the unvegetated sites
could be allochthonous transport or redistribution from the
Table 2 Mean (±standard error) of soil organic carbon (SOC) mass per unit surface area, SOC stock, carbon sequestration rate
(CSR) and carbon sequestration potential (CSP) in Lake Burullus Gg = 106 kg. Soil data refer to the upper 40 cm.
Class Vegetated Unvegetated Total
SOC mass per unit surface area (kg C m2) 9.3 ± 1.0 7.4 ± 0.8
Area (km2) 82.0 328.0 410.0
Area proportion (%) 20.0 80.0 100.0
SOC stock (Gg C) 760.6 ± 82.4 2420.2 ± 246.4 3180.8
SOC proportion (%) 23.9 ± 2.6 76.1 ± 7.8 100.0
CSR (g C m2 year1) 14.9 ± 0.8 8.6 ± 0.5
CSP (Gg C year1) 1.22 ± 0.07 2.82 ± 0.16 4.04
36 E.M. Eid, K.H. Shaltoutvegetated sites. There is a decrease of SOC content with depth
in the present study, where at the surface there is an elevated
input of fresh litter and recently synthesized labile organic mat-
ter (Sherry et al., 1998), indicates that little of carbon that
being introduced in the soil is stored there and rapidly decom-
posed by biotic systems (Odum and Pigeon, 1970). SOC con-
tent in the study area (10.2–22.0 g C kg1) was much lower
than SOC content of temperate wetlands in OH, USA (29.1–
174.6 g C kg1) (Bernal and Mitsch, 2008). Although the wet-
lands in warm regions (e.g. south Mediterranean) have greater
carbon production (2.3 kg C m2; Eid et al., 2010b) than the
wetlands in temperate climates (0.3–1.0 kg C m2; Kveˇt
et al., 1969; Ho, 1979; Soetaert et al., 2004), they have also
greater decomposition due to high temperature (Eid et al.,
2012b). According to Schlesinger (1997), there is a strong rela-
tion between climate and soil organic carbon contents where
organic carbon content decreases with increasing temperatures
because decomposition rate doubles with every 10 C increase
in temperature. Thus, it is clear that the wetlands in warm re-
gions are a lower net sink for the terrestrial carbon cycle than
the wetlands in temperate regions. In the present study, soil
bulk density increased and SOC content decreased with soil
depth. As reported in the previous related studies (e.g. Howard
et al., 1995; Don et al., 2007; Grueneberg et al., 2010; Li et al.,
2010), SOC content and soil bulk density were negatively cor-
related. This indicates that this negative relationship is valid
across varying soil types and on multiple scales.
SOC density estimation at Lake Burullus could provide
baseline data for the large scale estimation in Egyptian lakes.
In our study, SOC density ranged between 18.0 and
23.9 kg C m3. This estimation is lower than the previous esti-
mate range of 11.1–45.0 kg C m3 for freshwater wetland soils
in China (Wang et al., 2003) and 9.61–57.4 kg C m3 for
coastal wetlands in Southern California, USA (Brevik and
Homburg, 2004).
Natural conditions are one of the important inﬂuencing
factors for CSP (Xiaonan et al., 2008). Human activities also
play an important role in CSP of wetlands. For Lake Burullus,
human disturbances, such as soil erosion and watershed loss
caused by reclamation, have caused high sedimentation rates.
Besides, eutrophication is common and severe in the northern
lakes of Nile Delta, and it brings sediment with high levels of
organic carbon through an inﬂow of polluted water (Lake
Burullus receives 4 billion m3 year1 of drainage water of the
agricultural lands in Nile Delta; El-Shinnawy, 2002) and decay
of vegetation. In Lake Burullus, the residue of aquatic macro-
phytes has contributed to another source of carbon sediment
deposition. Although human activities could increase carbonsequestration potential of the lakes to a certain extent, over
a long term, human inﬂuence could accelerate the aging of
the lakes and decrease the distribution area. P. australis is
the major component of reed stands along the shores of Lake
Burullus (5.4 kg DW m2; Eid et al., 2010b), which can trap
not only ﬁne sediment and organic matter, but also coarse sed-
iment driven by storm waves to form special P. australis sedi-
ment. Thus, the CSR of the vegetated sites was 1.7 times as
high as that of the unvegetated sites in this lake. Besides, the
litter productivity is high there, which provides more carbon
sequestrated in the sediment of P. australis. In the present
study, CSR ranged between 8.6 and 14.9 g C m2 year1. This
estimation is lower than the previous estimate range of 16.9–
140.4 g C m2 year1 for the freshwater wetland soils in China
(Zhao et al., 2002), Atlantic and Paciﬁc coasts, the Indian
Ocean, Mediterranean Sea and Gulf of Mexico (Chmura
et al., 2003), North America (Brevik and Homburg, 2004;
Bridgham et al., 2006) and Australia (Howe et al., 2009).
Despite their excellent potential to carbon sequestration,
wetlands are rapidly reducing (Brevik and Homburg, 2004).
Signiﬁcant areas of wetlands have been lost in USA, China,
The Netherlands, and along deltas of rivers such as the Nile
and the Niger (Titus, 1991). In Egypt, the typical way of hu-
man disturbance to wetlands is through reclaiming the wet-
lands for farming. Lake Burullus had lost about 62.5% of its
area during 196 years (1801–1997) from 1092 to 410 km2
(Shaltout and Khalil, 2005). Based on the CSP of the present
study, the gain of CSP in Lake Burullus is 4.04 Gg C year1.
Thus, it is necessary to protect and restore these ecosystems
for carbon sequestration as well as other ecosystem services,
especially for Egyptian northern lakes, most of which currently
lack effective protection. In the light of the present study, total
SOC storage in the upper 40 cm in the Egyptian Northern
lakes is 17,603.0 Gg C, assuming they have the same condi-
tions as that of Lake Burullus (7913.2 Gg C in Lake
Manzala, 1020 km2; 5042.7 Gg C in Lake Bardawil, 650 km2;
3180.8 Gg C in Lake Burullus, 410 km2; 977.5 Gg C in Lake
Edku, 126 km2; 488.8 Gg C in Lake Mariut, 63 km2).
In conclusion, the present study has provided basic data for
one of the Egyptian Northern lakes, which in turn will offer
scientiﬁc guidance for policy making efforts to control CO2
emission in Egypt. The unvegetated sites have soil bulk density
higher than the vegetated sites. On the other hand, the vege-
tated sites have SOC content higher than the unvegetated sites.
Total SOC storage of Lake Burullus was 3180.8 Gg C of 40 cm
depth and CSR ranged between 8.6 and 14.9 g C m2 year1.
Total CSP of Lake Burullus was 4.04 Gg C year1. The pres-
ent study indicated that the wetlands in warm regions (e.g.
Evaluation of carbon sequestration potentiality of Lake Burullus, Egypt to mitigate climate change 37south Mediterranean) are a lower net sink for the terrestrial
carbon cycle than the wetlands in temperate regions. More re-
search is needed to better understand the impacts of environ-
mental factors such as water level ﬂuctuations, pH,
temperature and precipitation on CSR. More research is re-
quired to better understand the impacts of different plant spe-
cies under variable nutrient regimes and loading rates. Such an
approach would potentially enhance our understanding of cli-
mate change.
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